The dielectric measurements have been carried out on the two zeroth generation dendrimers with four branched arms ͑called tetrapodes͒ based on the siloxane cores. The results are analyzed in the framework of the molecular theory of dielectric permittivity by Maier and Meier for nematogens. At least four molecular processes are resolved in the dielectric relaxation spectra in the nematic phase for each of the two tetrapodes. Three of them are assigned to the reorientation of the monomeric unit whereas the fourth is assigned to the rotation of the molecular segments in the individual arms of the monomeric unit around the long molecular axis. The dielectric relaxation strength of the low frequency process has been used to calculate the orientational order parameter. The dynamics of the resolved processes has been quantitatively analyzed using the results of the microscopic model of the rotational diffusion, given by Coffey and Kalmykov ͓W. T. Coffey and Yu. P. Kalmykov, Adv. Chem. Phys. 113, 487 ͑2000͔͒ using the calculated order parameter. All molecular processes: the rotation around the short molecular axis ͑end-over-end rotation͒, precession around the director and the rotation around the long molecular axis ͑also called the spinning motion͒ are shown to have successfully been reproduced by the model. The anisotropy of the rotational diffusion coefficients gradually increases with a reduction in temperature, to a factor of 3 in the nematic phase relative to its isotropic phase.
I. INTRODUCTION
Currently, there is a growing interest in investigating systems with unusual molecular structure such as dendrimers ͓1-6͔ that exhibit mesomorphic properties. Dendrimers and structurally related multipodal systems called multipodes represent a class of macromolecules with a perfectly branched uniform structure in contrast to the hyperbranched polymers in which the branching occurs in a random fashion. Dendrimers have several generations, with a complete shell for each generation and this shell is branched out. The dendrimers are monodisperse, i.e., these have a narrow distribution of the molecular weights as opposed to the polymers. In some larger systems, the cooperative effects, due to crowding and/or nanosegregation ͑e.g., silicone/hydrocarbon or perfluorinated groups͒ involving the coupling of both the dendritic core and the branches containing mesogens are observed. In such systems, the overall shape and/or nanosegregation of the system determines the structure of the phase formed through self-assembly, and not by the properties of the individual mesogens ͓7-10͔. The linkage between the mesogens and the dendritic cores is thus a crucial element for the phase formation. For systems below the limit of steric crowding at the periphery, strong decoupling ͑long alkyl spacers͒ leads to the behavior similar to that found for conventional side chain polymers. Nevertheless, for short spacers, the dendritic core and mesogens are typically strongly coupled ͓8͔. However, for most systems in the intermediate regime, the behavior is much more complex, and is dependent on the structure of the mesogen, the length, and the flexibility of the spacer ͑e.g., due to the presence of highly flexible siloxane groups͒. The mesogens normally have a tendency for parallel alignment, and the flexible spacers generally create disorder.
Oligomers consist of several monomeric groups connected covalently ͑generally 2-20͒, in a larger molecule. These can be of dendritic structure or alternatively may form a linear chain. It has been found that some oligomeric systems having mesogens and spacers form a layered structure ͓1-4,11,12͔. In the low molar mass liquid crystals, however, it is now well known in liquid crystal physics that the order ͑or the alignment͒ is caused by the mesogens, whereas the long chains are responsible for disorder that makes the material to exhibit the liquid crystalline properties. In this context, multipodal or oligomeric systems placed in size in between the low molar mass compounds on the one hand and the large size dendrimers on the other extreme are particularly suitable candidates for a systematic investigation of the effects of attaching functional groups through flexible spacers to the dendritic core. In this paper, we are dealing with the zeroth generation dendrimer, which serves as the nucleus for the next generations of the dendrimers. Multipodes ͓13͔ in general, attached to the carbosilazane cores through flexible spacers, have recently been found to behave as though mesogens are decoupled more or less from the core ͓14͔. In the system investigated here the synthesis of which will be described elsewhere ͓15͔, the compound has four branches and it is therefore called a tetrapode. Each arm contains the mesogen which on its own exhibits the nematic phase, and these arms are linked to the siloxane/silane core through the flexible spacers. The tetrapode is found to exhibit both the nematic and smectic phases ͓16͔.
Most applications of liquid crystals, whether low molar mass or polymeric, are based on using the anisotropic properties and their dependencies on pressure, temperature, and the external field. Basically, the macroscopic anisotropic properties of liquid crystals are governed by their molecular behavior, the alignment, and the orientational order of the constituent molecules ͓17,18͔. One of the interesting problems in liquid crystals physics that still remains to be solved is the determination of a quantitative relationship between the molecular and the macroscopic properties. We can express this relationship through the microscopic tensor order parameters provided the interactions among the molecules can be neglected. It is therefore pertinent that the various order parameters of a given liquid crystal in different phases be determined. Any anisotropic property such as the dielectric permittivity, refractive index, magnetic susceptibility, elastic modulus, viscosity, etc. can be determined if only a set of the order parameters and the corresponding molecular properties are known. For example in the problem under discussion: the molecular properties are the dipole moments and the polarizability, whereas the macroscopic property is the relative permittivity.
In this paper we use the dielectric spectroscopic technique to measure Ј and Љ of the homogeneously aligned tetrapodes. It is found that the alignment of these tetrapodes, as seen for the liquid crystalline glass cells under the polarizing microscope, fabricated similarly to the brass dielectric cells both in terms of the alignment and the cell thickness, is generally excellent. This gives us a confidence in the results obtained from the dielectric spectroscopic technique for these tetrapodes. If the molecule under discussion is parallel to the plane of the cell, then only the fluctuation of the transverse component of its dipole moment can give rise to the dielectric signal in terms of the frequency dependence of the real and imaginary parts of the permittivity. However, even in a homogeneously aligned cell, all the molecules do not lie flat on the windows of the cell. These are ordered with respect to the director, which may lie on the window for perfectly ordered sample or be tilted with respect to window plane for not so perfectly aligned sample. In either case, the molecules are somewhat tilted from the director. Therefore both components of the dipole moment parallel and perpendicular to the mesogens in principle can give rise to the dielectric modes in a single dielectric experiment on a homogeneously aligned sample. We find that these modes can be better resolved from each other if we are to differentiate the real part of permittivity with respect to log of frequency and analyze its frequency dependence than carrying out the analysis of the frequency dependence of Љ alone. The latter includes the dc conductivity, whose effect is rather dominant at low frequencies and thus the low frequency modes cannot be easily determined from Љ data alone. We shall later demonstrate that the new technique of analysis gives more reliable results for the temperature dependencies of the frequencies of the various modes. Several dielectric studies for low molar mass liquid crystals, dimers, and polymers ͓14,19-22͔ have already been reported in the literature. But even for the low molar mass liquid crystals, the data for the various relaxation modes is scarce ͓19͔ mainly because of the difficulty of carrying out the dielectric measurements at high frequencies on the aligned liquid crystalline samples. Nevertheless, even for dimers which involve rather complex structure of the mesogen, the measured dielectric spectrum is rather simple ͓20,21͔.
Dielectric relaxation for the system that consists of mesogens of the similar structure has already been studied for the dimers ͓21͔. It was shown that the relaxation associated with the overall dipoles of the individual mesogenic cores are around and below the frequency of 10 6 Hz. Three different molecular modes were observed due to the overall dipolar reorientation. The fourth relaxation peak seen at higher frequencies was assigned to the rotation of the dipolar ester group around the long axes of the mesogen. In this case, however, though the mesogens of the tetrapodes are more or less decoupled from the core, there is still a finite restriction on the rotation of the mesogens resulting in higher viscosity of the material. Consequently the corresponding modes are shifted to the lower frequencies with respect to the case for the dimer.
II. DIELECTRIC RELAXATION OF LIQUID CRYSTALS
For uniaxial liquid crystals in the absence of measurable local biaxial order, the frequency dependence of the dielectric permittivity can be analyzed using Maier and Meier theory ͑M-M͒ ͓19,23͔. Expressions for the real part of the permittivity parallel and perpendicular to the director, ʈ and Ќ , are given as follows:
Here l and t are the longitudinal and transverse components of the molecular dipole moment to the molecular long axis. NhF 2 /3 0 k B T is the scaling factor for each dipolar contribution to the dielectric relaxation strength. N is the number density of molecules, 0 is the permittivity of vacuum, T is the absolute temperature, and F and h are the internal field factors for the reaction and the cavity fields, respectively. g 1 Ќ and g 1 ʈ are the anisotropic Kirkwood correlation factors defined for the director perpendicular and parallel to the electric field, respectively. For biaxial liquid crystalline phases, such as the biaxial nematic or SmC phases, it is possible to develop an equivalent set of equations by taking the phase and the molecular biaxialities into account ͓18͔. However, the biaxial nematics need to be aligned along the two directors ͓24͔ and for alignment of only one of the directors, the material may behave more or less similarly to the uniaxial nematics especially for the homogeneous alignment. For the sake of convenience, the experiments in this paper are restricted to the planar homogeneous alignment and the major director is aligned along the window of the plane by rubbing of the alignment layer. Since the monomers in the tetrapodes may be tilted ͓16͔ with respect to the director, we may be able to observe dielectric modes for both Ќ and ʈ in a single dielectric experiment.
Each component of ͑͒, in Eqs. ͑1a͒ and ͑1b͒, contains two contributions from the total molecular dipole moment ͑Fig. 1͒ and each of these is expected to show at least two relaxation processes due to the different dependence of a component of the dipole moment to the two permittivities. The contributions to the transverse relative permittivity are usually not well separated from each other in the frequency spectrum. However, using our technique for the analysis of the data to be discussed later, we are able to separate the various processes more easily. The molecular dynamics can approximately be described in terms of the three rotational modes: ͑a͒ the end-over-end rotation, ͑b͒ the precessional motion of the long molecular axis around the director of the phase, and ͑c͒ the rotation about its own long molecular axis. So far it has been assumed that the molecules are rigid in that only a single dipole in each of the molecule contributes to the dielectric permittivity. However, if there are a number of dipolar groups present, which are not rigidly connected to each other, these then may make separate contributions to the total dielectric permittivity.
The frequency dependencies of the real and the imaginary parts of the permittivity allow the different contributions to be separated. The temperature dependence of the dielectric relaxation strength for each component is primarily determined by the variation of the principal order parameter S with temperature. In order to obtain more information about the nature of the rotational dynamics in liquid crystals, it is necessary to employ suitable microscopic models ͓25-27͔. Such models evaluate the time correlation function ⌽ mn ͑t͒ of the fluctuating components of the molecular dipoles. It was shown numerically ͓25͔ and by analytical methods ͓26,27͔ that for the rotational diffusion model, the time dependence of ⌽ mn ͑t͒ can sufficiently be described by a single correlation time for each component contributing to Eq. ͑2͒ given below. Here the subscripts m and n are the indices of the Wigner function. A relation can approximately be established between these times and the four different rotational modes: such that ͑ 1 ͒ −1 ϳ 00 , ͑ 2 ͒ −1 ϳ 10 , ͑ 3 ͒ −1 ϳ 11 , and ͑ 4 ͒ −1 ϳ 01 ͓25͔, where 00 , 10 , 11 , and 01 are the corresponding relaxation times.
The temperature dependence of the dielectric relaxation strengths associated with different modes in terms of the order parameter is given by a set of Eqs. ͑1a͒ and ͑1b͒. There is, however, no general theory as yet for the temperature dependence of the relaxation frequencies of liquid crystals associated with the different modes. For a nematic potential of the form ͓28͔ U / k B T =− cos 2 , where is the angle between the axis of symmetry of the molecule and the Z axis of the laboratory coordinate system. By assuming the rigid rodlike molecular structure, the approximate expressions for the reduced relaxation times ͑retardation factors͒ have been derived by Coffey and Kalmykov ͑C-K͒ ͓26,27͔ as given below
, ͑2a͒
is the barrier height parameter and proportional to the uniaxial order parameter, S, D is the Debye relaxation time for the isotropic phase, and ⌬ = 1 2 ͓D ʈ / D Ќ −1͔ is a measure of the anisotropy of the rotational diffusion tensor. The parameter ⌬ can be calculated by fitting the ratio of relaxation times as in Eqs. ͑2b͒ and ͑2d͒ to the order parameter, S. This will be discussed later in Sec. IV C.
Recently molecular theory of dielectric relaxation for nematic dimers has been given by Stocchero et al. ͓29͔ to explain the unexpected and interesting results for the frequency dependence of the complex permittivity of dimers. In this paper we investigate the tetrapodes, which are even more complex than the dimers. Nevertheless we explain our results in terms of the simple Meier-Saupe potential model worked out more precisely by Coffey and Kalmykov ͓26,27͔.
III. EXPERIMENT
A. Sample description, molecular structure, and the dipole moment
Two organo-siloxane tetrapodes have experimentally been investigated. One of these tetrapodes involves an asymmetri- cal mesogen with three phenyl rings and different ester end groups; the molecular structure of this is shown in Fig. 2͑a͒ , hereinafter called A. The second involves a symmetrical mesogen with four phenyl groups with the same ester end groups and the molecular structure is shown in Fig. 2͑b͒ ; hereinafter called tetrapode B. For both tetrapodes, the transition temperatures and the associated enthalpies have been determined for the second heating cycles using the differential scanning calorimetry ͑DSC͒ and the polarizing microscopy ͓13͔. The structure of the monomers A and B have been optimized using the method of the density functional theory ͑DFT͒ including the hybrid B3LYP functional and standard polarized 6-31G * basis set. The longitudinal and transverse components of the dipole moment of the monomer A have been calculated to be 3.61 and 0.98 D, respectively. For monomer B, these are found to be 1.33 and 1.43 D, respectively, for the most probable conformation. These components give rise to a total dipole moment = 3.74 D and = 1.95 D for monomers A and B.
B. Sample preparation and the experimental details
The sample cells for dielectric measurements have been prepared using gold-plated brass electrodes. For planar alignment of the sample, the conducting inner surfaces were spin coated with a 0.3% polyvinyl alcohol ͑PVA͒, alignment layer, and rubbed unidirectionally. Mylar foil was used as a spacer and two homogeneous cells were prepared. The thicknesses of the cells were determined from the measured capacitances of the empty cell and the cell gap attained in each of the cells was of the order of 12 m. Cells were filled with the sample in its nematic phase at a temperature of approximately 5 K below its isotropization temperature.
The real and the imaginary parts of the relative dielectric permittivity Ј and Љ ͑called dielectric permittivity from here afterwards͒ were measured over a frequency range 0.1 Hz-10 MHz using a dielectric spectrometer ͑model Apha͒ manufactured by Novocontrol Ltd. The temperature accuracy of the dielectric cell was better than ±0.1 K. The ac measuring voltage applied to the sample was set at 100 mV. Dielectric measurements are extended for some cases to 30 MHz using Solartron 1260A.
IV. RESULTS AND DISCUSSION
The dielectric spectra of two tetrapodes in the planar homogeneous geometry are measured in the various phases. The result is shown in Fig. 3͑a͒ for tetrapode A and in Fig.  3͑b͒ for tetrapode B in temperature range of the nematic phase.
The dielectric spectra are fitted to Havriliak-Negami equation ͓30͔, which was applied to a set of n relaxation processes
In Eq. ͑3͒, * ͑͒ is the frequency dependent complex permittivity, ϱ is the high-frequency permittivity, j is a variable denoting the number of relaxation processes up to n, j is the relaxation time of the jth relaxation process, ␣ and ␤ are the fitting parameters of the symmetric and asymmetric relaxation processes, and ⌬ j is the dielectric relaxation strength of the jth process. For most temperatures at which the samples are investigated, the parameter ␤ was fixed to be unity for the entire range of temperatures. In such a case the relaxation time of a particular process is independent of ␣ and is related to the relaxation frequency f j ͑or the angular frequency j ͒ as follows: j =1/ j =1/2f j . The dielectric relaxation times are determined for the homogeneously aligned tetrapode A in the temperature range of the isotropic and nematic phases and for B in the isotropic, nematic and its smectic phases. For a decomposition of the relaxation modes we have analyzed the derivative of the real part of the permittivity dЈ / d͑ln f͒. For ␣ =1, dЈ / d͑ln ͒ is proportional to the square of Љ. The dielectric strength for each process ⌬ j is also found from the fitting. We find that this method of analysis for determining the frequency of modes is more convenient than the analysis using the dielectric loss spectrum since it offers a better separation of the peaks. The peak positions lie at the same position as for Љ as demonstrated here. For the Debye model of the dielectric relaxation, the Љ peaks are 1.5 times wider ͑on the log-frequency scale͒ ͑half-width is ϭ1.14 decades͒ than the corresponding peaks of dЈ / d͑ln f͒ ͑half-widthϭ0.75͒. The overlapping of the peaks and a large ionic conductivity make the Љ spectra rather difficult to deconvolute. A separation of peaks is clearly seen for dЈ / d͑ln f͒, see Figs. 3͑c͒ and 3͑d͒ for the two tetrapodes.
For the planar sample geometry in the nematic phase we measure the perpendicular Ќ component of the dielectric permittivity. As stated in the Introduction, when the sample is macroscopically not perfectly aligned ͑the local axis of the FIG. 3 . ͑Color online͒ ͑a͒ Three-dimensional ͑3D͒ plot of the derivative of the relative dielectric permittivity with respect to ͑ln f͒ for tetrapode A for different temperatures. ͑b͒ 3D plot of the derivative of the relative dielectric permittivity with respect to ͑ln f͒ for tetrapode B for different temperatures. ͑c͒ Frequency plot of the relative dielectric permittivity for tetrapode A at the temperature 285 K: ϩ denotes Ј, ᭺ denotes Љ, ᮀ denotes dЈ / d͑ln f͒, the derivative of Ј with respect to ͑ln f͒, full line, dashed line, dashed-dotted line, and short dashed lines are the deconvoluted components of dЈ / d͑ln f͒. ͑d͒ Frequency plot of the relative dielectric permittivity for symmetrical tetrapode B at the temperature 365 K: ϩ denotes Ј, ᭺ denotes Љ, ᮀ denotes dЈ / d͑ln f͒: the derivative of Ј with respect to ͑ln f͒, full line, dashed line, dashed-dotted line, and short dashed lines are the deconvoluted components of dЈ / d͑ln f͒. nematic potential may fluctuate͒ or the director may make a finite pretilt angle with the substrate, then the relaxation process or the processes characteristic of the parallel component of the permittivity ʈ may also be detected in the planar geometry ͑see Fig. 1͒ . If the potential barrier is very high, then an additional high frequency non-Arrhenius mode may appear for the longitudinal component of the dipole due to the librational motion within the wells of the potential ͓31͔.
A. Results for the tetrapode A with the asymmetric core
A frequency scan of the dielectric permittivity at room temperature for the tetrapodes, indicates contributions to it from up to four relaxation modes in the frequency range 1 Hz-10 MHz. The observed peaks are centered at frequencies of: f 1 =10 2 Hz, f 2 =10 4 Hz, and f 3 =5ϫ 10 5 Hz. Mode 1 is assigned to be the end-over-end rotation, mode 2 is assigned to the precessional motion of the molecular directors about the phase director, and mode 3 is assigned to the molecular rotation about its own long molecular axis. Dielectric permittivity measured at the maximal frequency is found to be still reasonably high. In fact, the dielectric spectra, on the high frequency side, show the left wing of a rather strong peak with the maximum centered close to the high frequency limit of the experimental window. This implies that the additional process, f 4 , or processes do contribute to the dielectric permittivity. Relaxation spectra of dЈ / d͑ln f͒ in the experimental frequency range of 1 -10 7 Hz are subsequently fitted to Eq. ͑4͒ for n = 4 relaxation processes. Figures 4͑a͒   and 4͑b͒ show the dielectric relaxation strengths and the relaxation frequencies for the four separated relaxation processes, respectively.
One notes from Fig. 1 that the lowest frequency mode is contributed by the longitudinal, and the higher frequency mode f 3 is contributed by the transversal components of the dipole moment, respectively. Frequency of mode 2 ͑middle frequency one͒ is almost two orders of magnitude lower than that of mode 3 so the transversal component is already averaged in the time scale of mode 2. On approaching the N-I phase transition, the two low frequency modes f 1 and f 2 merge into each other and a single relaxation process in the isotropic phase can describe this. Temperature dependences of the frequencies f 1 and f 2 of two modes clearly demonstrate that both of these modes are strongly affected by the orientational order. The third process, of the higher frequency, f 3 , is considered to be the rotation of the transverse component of the dipole moment, t , around the long molecular axis. Similarly the fourth process, f 4 , can be related to the rotation around the long molecular axis. However, relatively high frequency of this mode indicates that only the part of the mesogenic core can contribute to this motion ͑likely part with the dipolar ester group͒ and this is distinct from mode 3, insofar its temperature dependence is rather weak. Peak frequencies, the dielectric strength of each mode, and the low frequency value of permittivity ⌬ Ќ -ϱЌ are shown in Figs. 4͑a͒ and 4͑b͒ .
According to the Maier-Meier theory ͓23͔, the dielectric strengths of the lowest or first mode in this case, ⌬ l , is proportional to the square of the longitudinal component of the dipole moment l 2 and should follow Eq. ͑1b͒. Hence, we are justified in using the expression
Using the results of the dielectric experiment, the scaling factor can be determined in the isotropic phase close to the I-N transition when S Х 0. As a first approximation, the Kirkwood correlation factor is assumed to be independent of temperature and its value is fixed to unity, we then calculate the dependence of S on temperature. The result presented for S in Fig. 5 , is found to be in good accord with that found from the IR experiment. Temperature dependence of the dielectric relaxation strength can be reproduced satisfactorily using the order parameter obtained from the IR measurements ͓24͔, in the temperature range within the nematic phase. Both IR and dielectric results for S can well be reproduced using Picken, Noriez, and Luckhurst approximation ͓32͔ of the MaierSaupe ͑M-S͒ theory ͓33͔. The solid line in Fig. 5 shows the fit to the modified M-S model given by Chirtoc et al. ͓34͔ , S = S ** + ͑1−S ** ͒͑1−T / T ** ͒ b , to the result obtained from dielectric experiments, where T ** is the effective second order ͑quasicritical or quasitricritical͒ phase transition temperature and S ** is finite at T = T ** . The critical exponent b is found to be 0.238 and S ** = 0.085. The value of the exponent is not much different from the tricritical behavior ͑b = 0.25͒ ͓17͔. From Eq. ͑5͒ we can also calculate the longitudinal component of the dipole moment, l = 0.55 D, again by assuming that in the vicinity of the isotropic phase g Х 1. The dipole moments that contribute to the dielectric permittivity are located in the mesogenic core of the molecule and these are the dipole moment of the carboxyl group and three dipoles of the alkoxy group. Obviously, the magnitude of the total dipole moment depends on the conformation of the tetrapode branches themselves. For the most probable extended conformation of the monomeric part, it is reasonable to assume that alkoxy dipoles in the terminal chains can cancel with each other, so the net contributions in reality arise from the dipoles of the carboxyl and alkoxy groups in the ortho position. For such a configuration, the density functional theory simulation of the structure predicts l = 0.98 D per monomeric unit. However, the experimental value of the overall dipole component is even lower than the simulated value because the components may partly cancel out with each other.
The third process is assigned to the rotation of the transverse component of the dipole moment around the long molecular axis using the relevant part of Eq. ͑1b͒, the dielectric strength of the third mode ͑⌬ 3 ͒ is expected to satisfy the following equation:
The observed temperature dependence of ⌬ 3 ͓Fig. 4͑a͔͒ does not imply strong dependence of the Kirkwood correlation factor g. We can calculate the transverse component of the dipole moment, t , close to the I-N transition temperature by assuming the Kirkwood correlation factor to be unity. We then find that t is lower than predicted by the DFT simulated for one of the branches of the tetrapode. Furthermore, mode 3 is assigned to a rotation of each arm of the tetrapode independently of the other arms. The rotation of the entire molecule ͑which would normally occur at a much lower frequency͒ perhaps cannot be seen in the frequency window of our experiment. The rotation of each arm of the tetrapode as opposed to the entire tetrapode is justified in view of the fact that the spacers are flexible enough and consequently it is reasonable to expect that the reorientation of the monomeric part is partly decoupled from the central part of the tetrapode.
B. Results for tetrapode B with the symmetric core
For tetrapode B, up to four processes are detected in the temperature range of the nematic phase as for A. The dielectric strengths of four processes: mode 2, 2int, 3, and 4 are given in Figs. 6͑a͒ and 6͑b͒. We cannot investigate the dynamics of mode 1 ͑the end-over-end rotation for this tetrapode as this lies too close to the lowest frequency of the experimental window. The shift to lower frequency for this mode compared to that for tetrapode A is possibly due to the longer length of the monomer involved. On the other hand, we can determine its relaxation strength by subtracting the relaxation strength of all other modes from the total permittivity. The low frequency mode seen in the dielectric spectrum lying in the frequency range 10-100 Hz is assigned to mode 2 ͑the precessional motion͒ due to the particular manner of its dependence of the peak frequency on temperature. We can also detect an additional higher frequency mode that corresponds to the precessional motion of the one half of the monomeric unit ͑not attached to the spacer͒, assigned as mode 2int ͑mode 2 internal͒. The process, of frequency ͑ϳ1 MHz͒ is considered to be the rotation of the transverse component of the dipole moment, t , around the long mo- lecular axis and is assigned to mode 3. The fourth process observed similarly to that in monomer A is related to the rotation of the part of the mesogenic core around its long molecular axis. The dielectric strength of mode 1 is found to have similar temperature dependence to that of mode 2 and is not shown in Fig. 6͑a͒ . In a similar way as before, the temperature dependence of the dielectric relaxation strength of the low frequency mode can be well predicted using the S parameter obtained from the IR experiment ͓24͔. It is also possible to evaluate the order parameter from ⌬ l using Eq. ͑5͒.
The temperature dependence of the order parameter for tetrapode B is shown in Fig. 7 . This is in quite good agreement with S obtained from the IR experiment at the higher temperatures, but gradually exceeds IR result on lowering the temperature. This is probably due to the reason that the Kirkwood correlation factor may increase above unity on approaching the N-SmC phase transition. The critical exponent for the temperature dependence of the order parameter for IR results is found to be 0.243 and S ** = 0.09. These are also not much different from the tricritical behavior as already observed for tetrapode A. We can also evaluate the transverse component of the dipole moment. This is found to be t = 0.45 D, again by assuming that in the vicinity of the isotropic phase g Х 1. The dipole moment predicted by the DFT for simulated structure of a single monomer is found to be larger compared to the experimental value. Due to the specific arrangement of the branches, the overall dipoles of the monomers can compensate with each other and an additional cancellation may occur due to the relative orientation of the carbonyl dipoles in the mesogen.
The relaxation below the N-SmC phase transition temperature of 358 K shows quite interesting behavior ͓Fig. 6͑a͔͒ in terms of the dielectric relaxation strengths. In particular the dielectric strength of the low frequency mode shows soft modelike temperature dependence. On the other hand, the corresponding relaxation frequency ͓Fig. 6͑b͔͒ shows only a small anomaly. The second interesting feature appears at a temperature of 352 K seen in both Figs. 6͑a͒ and 6͑b͒. This is shown as a step in both the dielectric relaxation strengths and the relaxation frequencies. This anomaly also appears in IR data ͓16͔ but no transition was detected by the DSC signal around this temperature. This is quite an intriguing result and appears due to a possible occurrence of SmA phase sandwiched in between the N and SmC phases but its explanation awaits a detailed examination of this phase.
C. Relaxation dynamics of the molecular relaxation processes
The relaxation dynamics of the various modes is predicted by Eqs. ͑2a͒-͑2d͒ in a liquid crystalline nematic phase relative to their corresponding behavior in the isotropic phase. In order to analyze the relaxation frequency of the process it is convenient to use the Arrhenius equation = AЈ exp͑E a / kT͒ and extrapolate the frequency from the isotropic phase to the temperature range of the nematic phase. Here AЈ is a preexponential factor and E a is activation energy. For tetrapode A we have found ͓Fig. 4͑b͔͒ that the low frequency process ͑f 1 ͒ is retarded and the middle frequency processes ͑f 2 and f 3 ͒ are accelerated with respect to the frequency f 0 in the isotropic phase taken as the reference. The frequency of the fourth mode does not appear to be so strongly influenced by the orientational order parameter.
The effect of retardation of the low frequency mode described by 00 can be analyzed using Eq. ͑2a͒ in terms of the nematic pseudopotential barrier, , which depends on the order parameter. Coffey and Kalmykov ͓26,27͔ derived the relation between and S. This can well be approximated as
In order to reproduce the relaxation dynamics of the mode for tetrapode A we used the M-S model ͓35͔ to describe the dependence of S ͑as in Fig. 5͒ on temperature and then nematic potential barrier, ͑T͒, was obtained using Eq. ͑7͒. Such a result was introduced into Eq. ͑2a͒ and the temperature dependence the frequency of mode 1 was obtained, see Fig.  4͑b͒ . This is found to be in reasonable agreement with the experiment. However, in order to obtain such a good fit, it was necessary to multiply obtained from Eq. ͑7͒ by a factor of 1.13. This factor lies in between the predictions of Coffey-Kalmykov ͓26,27͔ and those of the Meier-Saupe ͓28͔ formula. This is not surprising in view of the fact that Eqs. ͑2a͒ and ͑7͒ are only approximations to the rather complicated expressions. The next relaxation process ͑mode 2͒ is characterized by the relaxation time 10 and it is accelerated with respect to the isotropic phase. Its behavior was well replicated by using the same S parameter as in Fig. 5 , which was introduced into Eq. ͑2c͒, see Fig. 4͑b͒ . The next process ͑mode 3͒ is assigned to the relaxation time 11 and its relative behavior should be described by Eq. ͑2d͒. The dependences of the calculated relaxation time relative to the isotropic phase are plotted as a function of the order parameter, S, in Fig. 8 for tetrapode A. By using Eq. ͑2d͒, we can evaluate the unknown behavior of the parameter, ⌬, which is a measure of the anisotropy of the rotational diffusion tensor, D ʈ / D Ќ . We have found that this anisotropy increases from unity at the T I-N transition temperature to almost 3 in the nematic phase at room temperature. This is indeed a significant in- crease in the anisotropy of the rotational diffusion tensor for such a system.
For tetrapode B with symmetrical mesogen in the temperature range of the nematic phase it is not possible to evaluate 00 , since the relaxation process due to the end-overend rotation goes to frequencies below the window of the experiment. The low frequency process in the frequency range 10-100 Hz is assigned to mode 2. This corresponds to the relaxation time 10 and again is well reproduced by Eq. ͑2c͒, see Fig. 6͑b͒ . The next process in the kilohertz frequency range shows very similar temperature dependence. Most probably this process is due to the internal rotation ͑around the biphenyl para-axis͒ of one half of the monomeric unit, which is not attached to the spacer and assigned to mode 2int and is designated as 10 . The next relaxation peak, mode 3, seems to be the rotation along the long molecular axis-also called the spinning motion and is described by the relaxation time 11 . For mode 3, we are able to calculate the temperature dependence of the parameter ⌬ and the anisotropy of the rotational diffusion tensor, D ʈ / D Ќ . This anisotropy increases from 1 at the transition temperature, T I-N , to almost 3 at the transition temperature, T N-SmC similar to that for tetrapode A. The ratios of the various relaxation times as a function of the order parameter to the Debye time for the order parameter equal to zero, are plotted in Fig. 9 . The Debye time at a given temperature for zero order parameter is evaluated by extrapolating the relaxation frequency from the isotropic phase to the given phase and the temperature, by assuming the same temperature dependence as in the isotropic phase. The results compare favorably with those predicted by the Coffey and Kalmykov model. The quality of modelling of relaxation frequencies is also seen in Fig. 6͑b͒ . The highest frequency process, mode 4, arises most probably from the internal rotation of the smaller segments of the molecules and is not discussed further due to its rather weak temperature dependence.
The problem of the structural changes ͑with reference to the molecular shape͒ of the polymer has been studied by Pickett and Schweizer ͓36͔, their investigations were focused onto the nematic phase. They assume the existence of the two density correlation lengths in the anisotropic phase. Increasing the order parameter shrinks the invaded space of each chain, so that the neighboring chains overlap to a lesser extent. As a consequence of the anisotropy and because the monomeric branches adopt calamitic shapes, the rotation around the long molecular axis is expected to undergo much smaller friction when the molecular order increases on going from the isotropic to the nematic phase. On the other hand, the evaluated ratio D ʈ / D Ќ can be related to the molecular shape ͓37͔.
V. CONCLUSIONS
The dielectric relaxation spectra for each of the tetrapodes A and B, has been resolved in terms of at least four relaxation processes. These tetrapodes are built up of asymmetric and symmetric monomeric units, respectively. The three molecular modes with increase in frequency are: the end-overend rotation, the precessional motion about the director, and the rotation about its own long molecular axis ͑also called the spinning motion͒. The relaxation rate of the first process is retarded whereas of the other two processes are accelerated in the nematic phase with respect to their relaxation rate in the isotropic phase. The changes are much more significant than for low molar mass LCs. The modes due to the internal rotation of the molecular segments are the high frequency mode ͑mode 4͒ and the intermediate frequency mode ͑mode 2int for tetrapode B͒. The orientational order parameters have been determined using the dielectric strength of the low frequency modes. The results agree with those obtained by the method using IR spectroscopy. The temperature dependences of the order parameter are well described by the Maier-Saupe model. The critical exponents are found to be slightly lower than the value for the so-called tricritical point. The dynamics of the relaxation modes are quantitatively analyzed in terms of the microscopic model of Coffey and Kalmykov for the rotational diffusion of the molecules in the nematic potential. The temperature dependence of the relaxation rate is well predicted by the model. The anisotropies of the rotational diffusion coefficients have been evaluated and these gradually increase with a decrease in temperature up to the factor of 3 in the nematic phase relative to that in the isotropic phase. Dielectric anisotropic properties and the dynamical behavior are controlled mostly by the orientational order and the properties of the monomer. The results lead to the conclusion that the monomeric units are somewhat decoupled from the core of the tetrapodes.
